In the design of pipelines it is of utmost importance to use validated numerical tools, usually finite element models, to reliably determine the structural limit loads. Also for steel pipes manufacturers it is very important, for establishing the set-up of their production processes, to be able to analyze using validated finite element models the effect that different manufacturing imperfections have on the pipe limit loads (e.g. "ovalization" of the external diameter, eccentricity, residual stresses, etc.)
INTRODUCTION
In the design of marine pipelines it is fundamental to be able to determine the collapse pressure of steel pipes subjected to external hydrostatic pressure and bending and it is required to be able to quantify the effect of manufacturing imperfections such as ovality, eccentricity and residual stresses on the collapse pressure.
The tracking of the post-collapse equilibrium path (e.g. the external pressure/internal volume curve) is also necessary in order to assess on the stability of the post-collapse regime; that is to say, in order to assess if a collapse will be localized in a section or will propagate along the pipeline. Hence, it is also required to be able to analyze the effect of the geometrical imperfections and of the residual stresses on the collapse propagation pressure, which is the lowest external pressure that will propagate the collapse along the pipeline, for a constant applied curvature.
The finite element method is an adequate and reliable tool for the above mentioned studies [1, [3] [4] [5] [6] .
If by accident the collapse is initiated at a certain location, the collapse is either restrained to the collapse initiation section or it propagates along the pipeline, being this second alternative the most detrimental one for the pipeline integrity [7] . Since the external collapse propagation pressure is quite low in comparison with the external collapse pressure, it is necessary to build in the pipeline periodic reinforcements, usually steel rings, to arrest a possible collapse propagation.
Two different buckle arrestor cross-over mechanisms were identified in the literature: flattening and flipping. The occurrence of either cross-over mechanism is determined by the geometry of the pipes and of the arrestors [2] .
In this paper we present finite element models to analyze the collapse pressure, collapse propagation pressure and crossover pressure of pipelines and we discuss the experimental verification of these models: we compare finite element results with experimental ones for full-scale collapse tests under external pressure, external pressure followed by bending and bending followed by external pressure.
The test programs were performed at C-FER Technologies (C-FER), in Canada and at CINI, in Argentina, using TENARIS steel seamless pipes [1] ; while the finite element analyses were performed by CINI, using the generalpurpose finite element code ADINA [8] .
The numerical / experimental comparisons reported in this paper demonstrate a very good agreement between the finite element predictions and the laboratory observations.
COLLAPSE AND POST-COLLAPSE REGIME

The experimental program
The testing involved performing material property tests, initial geometry measurements, full-scale P tests (collapse and post-collapse under external pressure only), full-scale P→B tests (external pressure first, then increase bending up to collapse), and a full-scale B→P test (bending first, then increase external pressure up to collapse) on steel seamless pipe samples.
Nine samples were tested, all of them conforming to API 5L grade X65. The nominal dimensions for each sample are indicated in Table 1 
Geometrical characterization of the specimens
Geometric measurements were performed at CINI using:
• Manual ultrasonic gages for mapping the wall thickness at a number of points evenly distributed on the sample external surfaces. • The shapemeter, described in Ref. [3] , for acquiring a detailed description of the pipes OD. Using the shapemeter a "best fit circle" is determined for transversal sections closely spaced (approx. 2 mm apart) and for each section the deviations between the actual radius at each point and the section "best fit radius" are plotted as a function of the polar angle: f(ϑ). A Fourier decomposition of f(ϑ) is then performed [3] .
In Figure 1 a detail of the f(ϑ) Fourier decomposition is presented: a typical amplitude distribution is represented as a function of the axial position along the pipe. Fig. 2 shows a typical thickness distribution. Here it is important to introduce some remarks:
• The imperfection mode that controls the value of the buckling pressure is the second one [3] .
• The angular orientation of the second mode at each section has an important influence on the collapse pressure. When the ellipse that characterizes the second mode is rotated from one section to the next one, the collapse pressure is higher than for the case of aligned ellipses [3] .
• The value of that second mode is quite different (lower) from the ovality measured with a standard API ovalimeter [9] .
Mechanical characterization of the specimens
On longitudinal and circumferential coupons, the yield stress and hardening properties of the specimens steel were determined.
Using the standard slit ring test [3] the sample hoop residual stresses were determined. A detailed description of the experimental procedures was presented in Ref. [1] .
The Finite Element Analysis
In previous publications CINI presented finite element models that simulate the collapse and post-collapse behavior of steel pipes under external pressure and bending. Those finite element models were used to analyze the effect of different imperfections on the collapse pressure and on the collapse propagation pressure of the steel pipes [1-3-6] .
The finite element models were developed using a material and geometrical nonlinear formulation [10] and they incorporate the following features:
• Geometry as described by the OD mapping and by the thickness distribution measured as reported above.
• MITC4 shell element [11] [12] [13] .
• Von Mises elastic -perfectly plastic material model with the yield stress corresponding to the samples hoop yield stress in compression. In this model the plastic anisotropy of the material is neglected.
• Circumferential residual stresses as reported above.
• Contact elements on the pipe inner surface [10] in order to prevent its inter-penetration in the post-collapse regime.
• Nonlinear equilibrium path tracking via the algorithm described in Ref. [14] .
In what follows, in order to validate the numerical models, for the nine tests described in Table 1 we compare the finite element results with the full-scale test results.
Comparison between numerical and experimental results
In Fig. 4 , we compare the experimentally and numerically determined [External Pressure vs. Internal Volume Reduction] diagrams, for the pipes under external pressure only (P-Tests). Both curves are practically coincident, except in the interval that goes from immediately after the pipe collapse to the point at which the experimentally and numerically determined curves merge again. In the experimental test, after collapse the chamber is abruptly depressurized and water must be pumped to regain pressure. Hence, the [External Pressure vs. Internal Volume Reduction] experimental path is different from the numerical one, which better represents the undersea conditions. From tests 1 and 7 we obtained similar results.
In Fig. 5 , for the same sample shown in Fig. 4 , we can observe the deformed meshes for different load points, and a photograph of the collapsed pipe. From the presented results we can assess that the postcollapse response of the finite element model, specifically the path in which the collapse propagates, has an excellent match with the experimental results.
The
For the P→B Tests the 5 samples were first loaded with external pressure and afterwards, maintaining constant the external pressure, they were bent up to collapse.
The ninth sample (B→P Tests) was bent up to a maximum bending strain of 1.33% and afterwards, maintaining the bending strains constant, it was loaded with an increasing external pressure up to collapse.
In the following 
BUCKLE ARRESTORS: CROSS-OVER EXTERNAL PRESSURE
Experimental results using seamless pipes
Few experimental results are available in the literature for the cross-over of integral ring buckle arrestors under external pressure on large diameter carbon steel pipes [15, 16] . Most of the available experimental results correspond to stainless steel and small diameter steel pipes [2, [17] [18] [19] .
The purpose of our laboratory tests was to determine the equilibrium path for the assembly (pipe + arrestor + pipe) under external pressure; and from it determine the collapse pressure, the propagation pressure and the cross-over pressure. Fig. 6 shows the experimental assembly. To localize the buckle initiation we milled a groove in one of the pipes (upstream pipe). In Fig. 7 we present a detail of the arrestors: Table 3 . Data for tested samples
Geometrical Characterization of the Tested Samples
The outer surface of the samples was mapped using the shapemeter [3] ; the corresponding Fourier decomposition of one of the tested samples is shown in Fig. 8 . The zone with high amplitude correspond to the milled groove, whereas the zone with low amplitude belong to the arrestor, which was machined in a lathe. The thickness of the samples were also mapped using a standard ultrasonic gauge; the corresponding thickness map of the first sample is shown in Fig. 9 . 6.70-6.85
6.55-6.70
6.40-6.55
6.25-6.40 Figure 9 . Thickness distribution for the first sample
Mechanical Characterization of the Tested Samples
For all the pipe and arrestor materials we determined:
• True stress -true strain curves (tensile test)
• Hoop residual stresses (slit ring test)
Experimental facility
In Fig. 10 we present a scheme of the experimental set-up. In order to measure the internal volume variation perforated end-caps were welded to the pipes. Each specimen was completely filled with water before the test started. From the hole in one of the end caps the water was directed to a container connected to a load cell. The load variation in the load cell is proportional to the displaced water. 
Comparison between numerical and experimental results
The main characteristics of the finite element model were already described in the previous section.
In Figure 11 we compare the experimentally determined and FEA predicted equilibrium paths, while Figure 12 shows the finite element predicted deformed shapes for a pipearrestor system presenting a flattening cross-over mechanism. Regarding Figs. 12 and 14, Point 1 is the unstrained initial condition and the point with maximum external pressure is the collapse point. At Point 2 the contact between opposite points on the pipe inner surface is established. Point 3 is the crossover pressure. Finally, after the cross-over, the pressure decreases again, and collapse propagates (Point 4). Figs. 15 and 16 we compare the experimentally observed and FEA predicted shapes of collapsed pipes after cross-over. It is important to point out that the finite element results indicated in the previous table were obtained considering that the residual stresses in the two pipe sections are the residual stresses measured in the full length pipe. The modifications in residual stresses induced by the pipe cutting, the welding and groove machining were not considered in the model, this results in numerically predicted collapse pressures lower than the actual ones
Finally in
PARAMETRIC ANALYSES
Parametric study of the arrestor cross-over pressure
As the agreement between the finite element predictions and the experimental results is very good, the finite element model can be used as a reliable engineering tool for analyzing the effect of different parameters on crossover pressure such as the arrestor thickness (h) and the arrestor length (La).
We selected as a base case a pipe reported by Mansour and Tassoulas [20] based on an experimental work previously done by Langner [16, 21] The main characteristics of the pipe considered in the following analyses are: For all the following analysis, we consider external pressure only.
Variation of the arrestor thickness
As we increase the ratio between arrestor thickness (h) and pipe thickness (t), an increment of the value of the crossover pressure is observed and different structural behaviors are found. Figure 17 shows the variation of the efficiency with the arrestor thickness and Figure 18 the equilibrium path for some of the simulations. 
CONCLUSIONS
The agreement between the finite element predictions and the laboratory observations is excellent; hence, the developed finite element models can be used as reliable engineering tools for assessing on the collapse and post-collapse behavior of tubular products.
Regarding the buckle arrestors, a 3D finite element model was developed in order to be able to analyze the behavior of an integral ring buckle arrestor crossed over by a propagating buckle. The model was validated by comparing the numerical predictions with experimental determinations.
The model is able to simulate both, the flipping and the flattening cross-over mechanisms.
A parametric study varying the arrestor thickness, length and material hardening was carried out, showing that:
• The crossover pressure increases as arrestor became thicker, except in the transition between the flattening and the flipping mode.
• The crossover pressure increases with the arrestor length for the two h/t ratios considered (h/t = 2.0 and h/t = 3.0).
